Abstract-A new trend in power converters is to design a planar transformer that aims for low profile. However, at high frequency, the planar transformer AC losses become significant due to the proximity and skin effects. In this paper the most important factors for planar transformer (PT) design including winding loss, core loss, leakage inductance, and stray capacitance have individually been investigated. The tradeoffs among these factors have to be analysed to achieve optimal parameters. We will show a strategy to reduce losses in the primary coil of the transformer. The loss analysis of th PT was verified by the Finite Element Method (FEM) Simulations (ANSOFT MAXWELL FIELD SIMULATOR 2D) and could be utilized to optimize the transformer design procedure. Finally, the proposed PT has been integrated into an LLC Resonant Inverter for Induction Heating Application to test at high signal levels.
List of Symbols
High-frequency power transformers (HFPT) are largely used in many electrical and electronic designs. Switching at higher frequencies is an interesting option to reduce passive components and isolation transformers. They allow adapt different levels of voltage and provide electrical and galvanic isolation between both windings. However, there is not a standardized procedure for design transformers, and every manufacturer keeps confidential his method. Optimized design can save power, volume, weight and money for the manufacturer and for the customer. Most of researchers studied the theory of HFPT and its usage in power systems.
Due to eddy current effects, winding losses in highfrequency magnetic components are appreciably greater than those Calculated from the dc resistance of the winding. These losses must then be computed from the AC resistance of the winding which includes the DC resistance and a factor of excess loss related to skin and proximity effects [1] .
We have shown in [2] two options to reduce highfrequency copper losses without significantly increasing the space occupied by these connections. Both options rely on the parallelization of copper plates. In the first, plates are interchanged to equalize the flux experienced by them. In the second, plates are interleaved to decrease the magnetic energy around the conductor.
PCB implementation of planar windings replicates the structure of conventional litz wires to reduce the AC losses. This structure consists of a set of fine trace electrically connected in parallel which transposed using changes of both trajectory and layer. An appropriate transposition strategy is essential to reduce the winding AC losses. However PCBs with a high number of vias could result expensive and not reliable [3] .
A quick and simple method derived for obtaining the AC leakage impedance of a transformer, from the calculated values of DC winding resistance and DC leakage inductance. www.ijacsa.thesai.org It is rather unfortunate that calculating the DC leakageinductance components accurately is a fairly lengthy process, although it mainly consists of substituting numbers in the given formulas [4] .
[5] Explained a new method for core selection, based on the estimation of current density. The final algorithm presented allows to choice the magnetic core quicker, and designs a more efficient device. Furthermore, the method allows design a transformer with a broad range of frequency.
An improved high-frequency magnetic-integrated planar transformer was demonstrated in [6] . Compared with conventional planar integrated magnetic, the improved structure has better leakage inductance adjustment. The transformer was fabricated with two common EE shape magnetic cores along with magnetic insertions placed between the primary and secondary windings outside it. A threedimensional finite-element model is used to investigate the eddy current losses and the adjustment of the leakage inductance.
A compact planar transformer with an improved winding configuration has been designed and fabricated in [11] . The meander-type design was engraved over the surface of a planar ferrite core, so that the primary and secondary windings can fit into the engraved design. This structure, was covered with another ferrite core, thus forming a compact planar transformer. Apical type AV polyimide film of 0.025 mm thickness is used between the windings to prevent short circuit. A coupling coefficient of >0.93 achieved, while the primary and secondary inductance was ~1600 nH. A coupling coefficient for air core transformer with the windings of identical geometry was >0.35 and the inductance of the windings near 160 nH. Fabricated transformer prototype has significantly a higher coupling coefficient and inductance of the windings in comparison with the previously developed planar transformer of the similar design.
In this paper, an HFPT for induction heating device is presented, thus its losses analysis. To achieve our HFPT, The choice and sizing of the primary and secondary of the transformer are necessary. Hence a transformer has been designed in order to adapt the voltage and current levels between the converter and the resonant tank.
An analytical method for the calculation of losses in HFPT followed by a simulation is perfomed. The simulation results show the good performance of proposed system and verify the mathematical analysis. Additionally, this new topology provides higher power rating on utility voltage at the load side.
II.
OPERATION OF THE PROPOSED INVERTER Fig. 1 illustrates the power circuit of proposed induction heating diagram that employs an LLC resonant inverter configuration for induction-heating applications. The inverter consists of two switches with antiparallel diodes, a compensation capacitor (C), a series inductor (Ls), and an induction coil that comprises a series combination of a resistor (Req) and an induction coil inductor (Lcoil).
You need to use half bridge capacitor inverter that eliminates the DC component and ensures a zero average current, and voltage in the primary of the transformer.
If you want to work at full power, you only have to operate the two half bridge, otherwise the half-bridge is sufficient for a power of 5kW.
Two half bridge inverter
Resonant tank Rectifier and DC bus To ensure the compensation of the reactive, the commands must coincide with the zero crossing of the current Ic in the compensation capacity C. During Mode 1, a positive voltage is applied to the gate of the high active power MOSFET. As a consequence, high MOSFET is turned-on. mosfet is conducting and transfer power to the resonant tank through the coupling transformer in our circuit. In Mode 2, the mosfets are transitioning, and the upper mosfet turns off slightly before the bottom one turns on. Here, current is conducted through the free-wheeling diode of the lower mosfet. In Mode 3, the lower mosfet turns on, and the resonant tank throws the power back through mosfet. In Mode 3, both mosfets are off during the transition, and the upper mosfet's free-wheeling diode conducts the current.
III. LOSSES ANALYSIS OF HIGH FREQUENCY PLANAR TRANSFORMER
When power converters operate at high frequency, the design difficulty for the transformer becomes much higher. The current density redistribution inside the winding wires (skin and proximity effects) strongly increases the copper losses. Applications, Vol. 7, No. 2, 2016 478 | P a g e www.ijacsa.thesai.org The 14 turns will be divided over 7 epoxy plates as follows:
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A coil consisting of four tracks 
Or b=2
We can therefore deduce that and In the high frequency, the fact of increasing the thickness of a conductor does not reduce its apparent resistance, since the current density is confined in a skin thickness. A second solution to reduce losses is to connect two conductors in parallel.
In practice, the current density will be distributed as if both drivers were a single thicker conductor, so it must wait no significant improvement from the standpoint of losses.
The current distribution in the tracks is not uniform, and this is owed to the skin effect, the current is concentrated in the extremities. We note that when conductors are side-by side, the high concentration of the flux in the region causes high current densities in this small part of the conductor and, as a consequence, high copper losses. www.ijacsa.thesai.org To mitigate skin effect and excessive losses due to the large rectangular tracks, another solution proposed by [7] is to use the planar Litz wire. Inspired by the Litz round wire, Litz planar structure has been proposed to reduce the strength of the alternative regime of a planar conductor.
It proposes a new form of planar litz wire. The proposed idea is to translate the turns with each other to force the current to pass around the turns and not be limited to the edges of the rectangular turns. The proposed solution is to divide each turn in four small tracks which leave together in parallel to form the required number of turns, then perform an intersection between the four tracks of each turn.
Resistance in each of the turns, deducted by finite element method (FEM), is nearest value. But we note that the resistance decreases significantly at the 14 turn. This can be explained by the proximity of the turn of the secondary winding traversed by a high current ( fig.7 ). 
B. The secondary of the transformer
The shape of the secondary single-turn essentially depends on the ferrite constituting the transformer. In fact the latter will consist of six blocks of ferrites.
We must be adapted a solution to cool it when the shape and dimensions of the single-coil are fixed.
The idea is simple; it is to design an internal channel that will serve for the flow of coolant. The section of this channel must be maximum; however it must not interfere with the feasibility of the mono-spiral. For this we set the wall thickness to at least 3 mm. To optimize the shape of the single turn an analytical calculation followed by a simulation by the finite element method (FEM) was conducted.
To determine the optimum dimensions of the canalization of the single turn, we compared the total losses Joules effect for the different forms section.
IV. ANALYTICAL METHOD FOR THE CALCULATION OF LOSSES
Winding losses in transformers increase dramatically with high frequency due to eddy current effects. Eddy current losses, including skin-and proximity-effect losses, seriously impair the performance of transformers in high-frequency power conversion applications. Both the skin effect and the proximity effect cause the current density to be non-uniformly The most commonly used equation that characterizes winding losses is Dowell's equation [4] - [8] [ ]
With √
A. Empirical formula Circular conductor forms:
For this particular form, the calculations are less complex and more accurate results.
The only parameter which is generally considered is the ratio K= which indicates a form of inadequate conductor when its value deviates too much from the unit.
Several empirical formulas have been proposed; that of Levasseur [9] is particularly simple and leads to errors of less than 2%:
Rectangular form of the Conductor:
In this case, the calculations are much more complex and remain unclear because of the assumptions used about the distribution of the magnetic field; authors who have tried these calculations have often completed their work with delicate experiments.
According to estimates [10] , a coefficient of 1.15 seems most probable correct errors due to non-compliance of the distribution of the field. As the frequency increases, the error increases.
B. Bessel Formula
The conductor is carrying a current (rms) = 304A
The complex power due to the skin effect is given by:
With: √ et √ are modified Bessel functions of the first kind of order zero and one.
r: radius of a circle σ: resistivity
In the case of a single rectangular conductor, we first treated the rectangular shape to an equivalent circle keeping the same section. www.ijacsa.thesai.org C. Calculating the internal impedance owed to the skin effect and proximity of a rectangular conductor
With b: width of the plate h: height of the plate Knowing that the width should be strictly greater than the height that this formula is true so we take our case b = 19mm and h = 12mm. The error between the two powers is 11%.
We compared the analytical expressions obtained from different methods. In fact the first case (empirical calculation) has an acceptable convergence of results by finite element method (FEM) and analytical losses. This convergence is only true when adding a correction factor of 1.15. This coefficient is valid for the second case too which replaces a rectangular conductor with a circular conductor with the same cross section and the error is minimal. As can be seen, the theoretical loss calculations are in agreement with the results obtained with the Finite Element simulations. As the two dimensional finite element analysis allows the estimating of the fringing effect at the end of the conductors, the simulated losses may exceed the calculated transformer losses a little.
To study the internal current constraint in our transformer during operation, we have been led to make a digital model. Achieving diffusive admittance was identified. Diffusive symbol approached is shown in Fig.11 . In Fig.12 , the frequency response of the admittance thus identified is compared to the response obtained using the parameters determined by FEM simulation. The agreement is quite satisfactory.
V. SIMULATION RESULTS
To validate the loss estimation mentioned above, the detailed losses in a high frequency planar transformer are studied using the Finite Element Method(FEM) in detail.
Finite Element Method (FEM) can be used for calculating transformer characteristics and stray parameters.
2-D simulations perform an analysis on the transformer based on its symmetry axes.
Determining losses by Joule effect is using the Maxwell computer through the formula of losses:
To realize the finite element modeling, we impose for the primary winding a current of 30A peak for the four parallel strands that form our proposed Litz wire, and the secondary we impose a current of 432A peak for the single turn. This finite element modeling of the copper losses was performed at a frequency of 100 kHz.
The parameters of the transformer studied are shown in Fig 13. For this planar transformer, the red plates on the top in the model represent the 14 primary turns and the red one in the other side of the transformer represent the secondary turn. For each frequency of 100Hz and 100kHz, we simulate the contour plot of current density.
The loss estimation takes account of switching-type waveforms encountered in power supplies, inclusive of high frequency skin and proximity effects in windings.
This planar transformer is used in a half bridge converter and its associated voltage and current waveforms are shown in Fig.16 . The voltage across the primary winding is a square wave with peak values of-560/2 V and 560/2 V. The current through the primary winding is also a square wave with peak values of -38A and 38A. As a conclusion, these waveforms match up with the theoretical expected ones, and verify the proper operation of the proposed converter. Fig. 18 shows a photo of the implemented hardware prototype. 
VII. CONCLUSION
Planar transformers are more and more used in electronic power structures since they have major interests in congestion, performance and industrial production method. In the first part of this paper, we have sought to reduce the joule losses planar transformer due to the skin effect and proximity effect.
We have presented all the steps for building a highfrequency transformer model. Some parameters such as resistance and inductance of the single turn are affected by the variation of the frequency (the effects of skin and proximity) as well as the variation of the shape of the conductor. Such a phenomenon can model by adopting the diffusive representation. The different model parameters are estimated by the finite element method (FEM). It has been shown that it is possible to use with certain circumstances analytical methods to provide an order of magnitude of some parameters.
A 5-kW prototype has been designed and implemented to validate the analytical and simulation results. The experimental measurements validate the feasibility of the proposed converter.
